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Abstract. WepresentheretheﬁrstJicamarcaobservationsof
incoherent scatter radar (ISR) spectra detected from E- and
D-region altitudes. In the past such observations have not
been possible at Jicamarca due a combined effect of strong
equatorial electrojet (EEJ) clutter and hardware limitations
in the receiving system. The observations presented here
were made during weak EEJ conditions (i.e., almost zero
zonal electric ﬁeld) using an improved digital receiving sys-
tem with a wide dynamic range and a high data throughput.
The observed ISR spectra from E- and D-region altitudes
are, as expected, narrow and get even narrower with decreas-
ing altitude due to increasing ion-neutral collision frequen-
cies. Therefore, it was possible to obtain accurate spectral
measurements using a pulse-to-pulse data analysis. At lower
altitudes in the D-region where signal correlation times are
relatively long we used coherent integration to improve the
signal-to-noise ratio of the collected data samples. The spec-
tral estimates were ﬁtted using a standard incoherent scatter
(IS) spectral model between 87 and 120km, and a Lorentzian
function below 110km. Our preliminary estimates of tem-
perature and ion-neutral collisions frequencies above 87km
are in good agreement with the MSISE-90 model. Below
87km, the measured spectral widths are larger than expected,
causing an overestimation of the temperatures, most likely
due to spectral distortions caused by atmospheric turbulence.
Keywords. Ionosphere(Equatorialionosphere; Plasmatem-
perature and density; Ionospheric irregularities)
1 Introduction
The ﬁrst incoherent scatter radar (ISR) measurements at the
Jicamarca Radio Observatory (JRO) were conducted in 1961
(Bowles et al., 1962). Theoretical and experimental advances
in incoherent scatter radar technique since then were accom-
panied at JRO, located near Lima, Peru, with increasingly
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more sophisticated measurements of the F-region electron
densities, ion and electron temperatures, ion composition, as
well as zonal and vertical electric ﬁelds (e.g., Farley, 1991;
Kudeki et al., 1999; Hysell, 2000, and references therein).
Yet, it has not been possible, until the experiment to be de-
scribed here, to exploit the incoherent scatter technique at
JRO to study the equatorial lower ionosphere below 200km
altitude. The main reason for this has been the following
coherent echo sources above Jicamarca which interfere with
lower-ionospheric incoherent scatter:
– Equatorial electrojet (EEJ): VHF radar echoes from the
electrojet are 2 to 6 orders of magnitude stronger than
ISR echoes, conﬁned to the 95–110 (90–140)km region
during the day (night), and come from ﬁeld-aligned ir-
regularities. During the day, these echoes get weaker or
disappear when the zonal electric ﬁeld is close to zero
or reverses direction (e.g., Farley, 1985).
– 150-km irregularities: Echoes from the 150-km region
are weaker than EEJ echoes but still 1 to 3 orders of
magnitude stronger than ISR returns. They occur only
during the day and come mainly from ﬁeld aligned ir-
regularities organized in narrow layers between 140-
170km altitudes (e.g., Kudeki and Fawcett, 1993). Re-
cently, Chau (2004) have reported the observations of
these echoes also at angles slightly off perpendicular to
B. Occasionally, relatively strong echoes occur at these
altitudes at night, but they are associated to equatorial
spreadFevents(ESF)(e.g.,WoodmanandChau,2001).
– Mesospheric turbulence: Mesospheric echoing layers at
50MHz caused by neutral turbulence are formed dur-
ing the day between 55 and 85km. The echoes are
1–3 orders of magnitude stronger than ISR echoes at
similar altitudes, and are organized in very narrow lay-
ers (e.g., Woodman and Guill´ en, 1974; Kudeki, 1988)
with widths ranging from less than 100m up to few kms
(Sheth et al., 2006).
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Table 1. Radar Parameters for Faraday experiments on 13 Decem-
ber 2004.
Parameter Value Units
Inter pulse period (IPP) 420 km
Pulse width 21 km
Binary code 28 bits
Receiver Bandwidth 5 µs
Sampling rate 5 (0.75) µs (km)
Initial range 50 km
Number of samples 456
Number of complex channels 2
Transmitter peak power 2 MW
– Meteors: Echoes from meteors could come from meteor
headsaswellasnon-specularandspecularmeteortrails.
At Jicamarca, the ﬁrst two type of echoes occur between
90 and 110km, and head echoes occur mainly around
sunrise (e.g., Chau and Woodman, 2004). Non-specular
trails can last as long as 5min (e.g., Chapin and Kudeki,
1994) and they come from irregularities perpendicular
to B. Specular meteor trails are seldom observed with
the Jicamarca ISR due to the narrow beams employed.
Late in the afternoon of 13 December 2004, the Jicamarca
radar was being operated with the recently completed wide
dynamic-range receivers in a relatively high-resolution and
high-sensitivitymodewhenthezonalelectricﬁeldthatdrives
the equatorial electrojet vanished for a short period. The
radar return samples collected during that period from the
D- and E-region altitudes exhibit the ﬁrst uncluttered and
clearcut signatures of lower-ionospheric incoherent scatter
detected at JRO. A pulse-to-pulse analysis of the scattered
signal samples revealed unaliased Doppler spectra below an
altitude of about 110km, consistent with theoretical expec-
tations for the collision dominated E- and D-regions. The
radar spectra to be presented in this paper are not only the
ﬁrst recorded ISR spectra at JRO from D- and E-regions, but
also the ﬁrst for the same heights at any equatorial latitude
inside the EEJ belt, i.e., ±3◦ with respect to the magnetic
equator. Moreover, due to its carrier frequency of 50MHz –
the lowest of all the ISRs – Jicamarca is the only ISR that
can measure the E-region with pulse-to-pulse techniques, al-
lowing cleaner spectral estimations than possible anywhere
else.
The paper is organized as follows: Sect. 2 describes the
experimental setup while in Sect. 3 we present a brief sum-
mary of incoherent scatter theory relevant for lower iono-
spheric heights. D- and E-region spectral measurements are
presented in Sect. 4 along with the results of ﬁtting the ob-
served spectra to ISR spectrum models. In Sect. 5 we discuss
the observational results and our model ﬁts and, ﬁnally, in
Sect. 6 we present our conclusions.
2 Experimental setup
D- and E-region backscatter measurements described above
were performed using the standard Faraday rotation conﬁgu-
ration at JRO (e.g., Farley, 1969) except for the pulse wave-
form details. The radar beam was pointed along the antenna-
planeon-axisdirection, whichisnearlyverticalandmakesan
angle of 88.11◦ with respect to the nearly horizontal geomag-
netic ﬁeld B pointing to the north. In this setup the strongest
two-way sidelobe of the radar beam that points perpendic-
ular to B is ∼30dB weaker than the main beam. Contrary
to previous Faraday experiments, a shorter inter pulse period
(IPP) (2.8ms instead of 10ms) and a ﬁner range resolution
(0.75km instead of 15km) were used during the observa-
tions. The main parameters of the experiment are presented
in Table 1. We made a full use of the duty cycle available
at JRO (∼5%) by employing a 28-bit binary code (Gray and
Farley, 1973) with a 0.75km baud width.
Two circular polarizations, right- and left-handed, were
transmitted and received during the experiment. The results
presented here corresponds to one of the circular polarized
channels. Since the observed spectra have the same shape in
both polarizations at E-region heights and below, statistical
ﬂuctuations in the measured spectra can be further reduced
by averaging the estimates from the two polarizations (not
done here, however). Total power measurements and abso-
lute electron density estimates obtained using both polariza-
tions are reported in Chau and Woodman (2005).
3 Background parameters and spectral models
In this section we summarize the main background parame-
ters for the E- and D-region ionosphere needed to understand
the incoherent scattered radar spectra presented in the fol-
lowing section. We also specify the spectral model equations
used to ﬁt the measured spectra. Since our measurements are
conﬁned to daytime, we only focus on daytime conditions.
The shape of incoherent scattered signal spectrum from
the low-altitude ionosphere below 110km is mainly con-
trolled by ion-neutral collisions. The dominant ions to be
considered are NO+ (30amu) and O+
2 (32amu) between 90–
140km (e.g., Shunk and Nagy, 2000) and heavy cluster ions
(with amu such as 37, 55, 83, ...) below 90km – negative
ions are only important below 60km (Friedrich, 2004). Note
that O+ starts to appear above 130km. In addition, for the
equatorial ionosphere below 140km, electron and ion tem-
peratures are expected to be equal, i.e., Te=Ti.
To ﬁt our measured Doppler spectra from this region of the
ionosphere we made use of the following spectral models:
1. Collisional incoherent scatter (IS) model: Although in-
coherent scatter spectral theory is well known – see,
e.g., Farley (1971) for a comprehensive review – we
outline here its pertinent aspects. The backscattered sig-
nal spectrum from an ionosphere in thermal equilibrium
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is known to be (e.g., Swartz and Farley, 1979) propor-
tional to the real part of
|µyi + jk2λ2
e|2 ye
ω−k·Ve + |ye|2 yi
ω−k·Vi
|ye + µyi + jk2λ2
e|2 (1)
where k≡|k| is the Bragg wavenumber (twice the
wavenumber of backscattered radiowave), λe the elec-
tron Debye length, µ≡Te/Ti, and, in case of multiple
ion species an ion-composition weighted sum of µyi
and
yi
ω−k·Vi over all ion species is implied; ye,i stand
for normalized admittances (e.g. Farley et al., 1961)
for electrons and ions which are functions of wave fre-
quency ω and Bragg vector k as well as the state param-
eters of ionospheric plasma. In the lower ionosphere,
where collisions with neutrals are a dominant process,
the use of the BGK collision model (Bhatnagar et al.,
1954) leads to an admittance model (Dougherty and
Farley, 1963)
ys = j + θs
Js
1 − ψsJs
(2)
where
Js≡
Z ∞
0
dt e−jθst e
−

ψst+t2
4 sin2 α+ 1
φ2
s
sin2

φst
2

cos2 α

(3)
is referred to as Gordeyev integral; the parameters θs,
ψs, and φs are the Doppler shifted wave frequency
ω−k·Vs, collision frequency νs, and gyro-frequency
s, respectively, all of them normalized by
√
2kCs,
with Cs≡
√
KTs/ms, where K is Boltzmann constant,
denoting the thermal speed of species s of a bulk veloc-
ity Vs, mass ms, and temperature Ts.
At low frequencies ω and within the altitude regime
probed in this study the above model is primarily sen-
sitive to ion parameters Ti, ψi∝νi, and k·Vi; the gyro-
frequencies and electron collisions cause no detectible
variations in spectral shapes within the same regime. It
is then convenient to consider a single ion case with
31amu mass (representing a mix of NO+ and O+
2 ),
and carry out a four parameter least-squares ﬁt of the
BGK IS model outlined above to the measured spectra;
the ﬁt parameters consist of the ion parameters men-
tioned above – Doppler shift k·Vi, collision frequency
νi, and temperature Ti – plus a scaling constant re-
lated to the background electron density and transmit-
ted radar power (see Chau and Woodman, 2005). We
looked into the possibility of ﬁtting for ion composition,
but given that the major ion components have similar
masses the spectrum shape is almost invariant even to
drastic changes of composition, at least for z<100km.
2. Lorentzian model: For k2λ2
e1 and in the high col-
lision frequency limit ψi1 applicable at lower alti-
tudes, the IS spectral shape above approaches (e.g.,
Dougherty and Farley, 1963; Tanenbaum, 1968) a sim-
ple Lorentzian
1
1 + (ω − k · Vi)2τ2
d
, (4)
where
τd ≡
νimi
2KTik2 (5)
represents the ion diffusion time at the Bragg scale. Us-
ing this Lorentzian model for the measured spectra we
ﬁt for a scaling constant related to the received power
as well as for Doppler shift k·Vi and the diffusion time
τd. A similar approach is also used with Arecibo ISR
data from the lower ionosphere (e.g., Mathews, 1986,
and references therein). Note that one can calculate Ti
from the measured τd if νi is known, and vice versa. For
instance, in Sect. 5, we obtain Ti from ﬁtted τd using a
collision frequency model based on Richmond (1972).
The model equations for ion-neutral collisions are
νNO+ =
10−22q
mNO+

1.07[N2]

T
T0
−0.16
+
1.06[O2]

T
T0
−0.16
+0.6[O]

T
T0
−0.19
,(6)
νO+
2 =
10−22q
mO+
2

0.89[N2]

T
T0
−0.20
+
1.16[O2]

T
T0
0.05
+ 0.89[O]

T
T0
0.36 
,(7)
where T0≡500K, T is the neutral temperature taken
from the MSISE-90 model (e.g., Hedin, 1991), [X]
stands for the neutral density of atom or molecule X,
and q is the magnitude of electron charge, all in MKS
units. Since we are ﬁtting for an average ion com-
ponent, we used an averaged ion-neutral collision fre-
quency corresponding to the arithmetic mean of νO+
2
and νNO+. Note that the collision frequencies depend
on neutral temperature T, and since T=Ti in this al-
titude range, one could in principle directly invert the
measured diffusion times for ion temperature Ti using a
suitable model for the neutral densities. However, that
task will be left for future work.
A distortion is applied to the theoretical models described
above prior to ﬁtting them to the measured spectra in order
to compensate for the windowing effect of ﬁnite-length time-
series used in spectral estimation. A weighted least-squares
ﬁtting is then carried out with the Levenberg-Marquardt al-
gorithm (e.g., Bevington, 1969) using a procedure similar to
those described in Kudeki et al. (1999) and Chau (1998).
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Fig. 1. Examples of spectrograms obtained under the presence (ab-
sence) of EEJ echoes at the top (bottom) obtained on 13 December
2004 at 17:27 (17:07) LT. Each spectrogram have been integrated
3min. The color represents relative total power in dB (see color
bar) between 60 and 130km.
4 Radar observations
The new results to be shown in this section were observed
in the absence of strong EEJ echoes. However, to help the
reader understand the effects of EEJ returns normally present
in JRO radar experiments we include in Fig. 1a a Doppler
spectrogramobtainedduringaperiodwithstrongEEJechoes
(top panel). The same ﬁgure also includes a second spec-
trogram (bottom panel) recorded when there were no EEJ
echoes. In both spectrograms the color scale represents the
relative total power (backscattered signal plus noise) in dB
while the horizontal and vertical axes represent radial veloc-
ity (positive towards the radar) in m/s and the scattering al-
titude in km, respectively. The spectrograms are constructed
from Doppler spectra (see Fig. 4 for examples of individ-
ual spectra) obtained with 3-min integration of 128-point pe-
riodograms. The periodograms are, in turn, the magnitude
square of 128-point FFT of time-series samples collected on
a pulse-to-pulse basis.
When EEJ echoes are present, as shown in Fig. 1a, they
practically wipe out the weak ISR component of the returns,
not only in the region they appear (100–105km), but also
at lower and higher altitudes due to range sidelobes of the
coded transmitter pulses. It should be clariﬁed here that
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Fig. 2. Similar to Fig. 1, but this time the top panel shows the
measured spectrogram, and the bottom panel shows the ﬁtted spec-
trogram. Note that we have added the expected uncertainties to the
ﬁtted spectrogram.
the saturated signals seen in Fig. 1a at the left and right
edges correspond to cross-talk echoes from the orthogonal
circular polarization, which is phase-ﬂipped on every other
pulse transmission so as to avoid the interference of the op-
posing polarized returns within the baseband (i.e., near zero
Doppler frequency) (e.g., Farley, 1969). Coming to our main
results, Fig. 1b shows not only an example of the ﬁrst E-
and D-region ISR spectra recorded at Jicamarca, but also
the cleanest E-region spectra of all the ISRs, given that Ji-
camarca’s VHF frequency allows pulse-to-pulse estimation
of the spectra. Note that such estimation is only good up to
∼110km, above this height the ISR spectra get wider caus-
ing frequency aliasing.
In Fig. 2 we compare the measured ISR spectrogram (top
panel) for the 90 to 120km altitude range with a synthetic
spectrogram(bottom)obtainedbyﬁttingthetheoreticalBGK
IS model to the measured spectra. In order to make a closer
comparison, we have added a random noise component to
the ﬁtted spectrogram with an rms value that depends on the
number of incoherent integrations and the ﬁtted value. From
a simple inspection, the agreement is excellent, moreover the
goodness of ﬁt is also excellent.
Given that the ISR spectrum gets narrower with decreas-
ing altitude it is possible to use at lower altitudes coherent
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integration with the sampled data that has an effect of im-
proving the overall signal-to-noise ratio (SNR) – the tech-
nique, much used in MST radar applications, is convenient
when the sampling interval is much smaller than the correla-
tion time of the signal component. In Fig. 3a we show a low-
altitude spectrogram example constructed using 32-point co-
herent integration. 128-point time-series of coherently inte-
grated samples were Fourier transformed in peridogram con-
struction, and 66 consecutive periodograms were averaged to
obtain the spectra stacked in Fig. 3a; the overall integration
time of the spectrogram shown in Fig. 3a is about 12min.
Figure 3b shows a synthetic spectrogram constructed from
Lorenztian model ﬁts to the spectra of Fig. 3a. As mentioned
in Sect. 3, when the ISR spectrum is dominated by colli-
sions, it is well represented by the Lorentzian curve Eq. (4).
Note that there is a good agreement between the measured
and the ﬁtted spectrograms, except for those regions were ﬁt-
ting was not possible (e.g., due to lack of convergence). The
saturated red regions represent signals from coherent echoes
(from meteors around 85km, and from mesospheric echoes
below 80km). The weak ISR signals are seen as the light
blue shades in the ﬁgure, which are of course the most excit-
ing and novel aspect of this data set.
We have applied both the collisional ISR and Lorentzian
ﬁtting procedures to all the altitudes of interest between 60
and 120km using different numbers of coherent integrations
over overlapping altitude regions. More speciﬁcally, we used
8 (32) coherent integrations between 80 and 100km (60–
90km). FittingaLorentzianfunctionisofcoursemuchfaster
than ﬁtting a numerically evaluated ISR spectrum. In Fig. 4,
we show examples of individual Doppler spectra (i.e., “cuts”
from the spectrograms shown in Figs. 2 and 3) comparing the
different ﬁtting procedures. The measured spectra are shown
in red, while the BGK IS and Lorentzian ﬁts are in green and
and blue, respectively, and virtually impossible to distinguish
from one another at the scale shown, in particular at lower
altitudes. Only above 106km some very small discrepancies
start to appear, but they are so small that both ﬁts have about
the same goodness of ﬁt value.
5 E- and D-region parameters inferred from the mea-
sured spectra
In this section we present the proﬁles of ionospheric param-
eters obtained by ﬁtting the measured spectra with the spec-
tral models described in Sect. 3. The results of the ﬁts to the
single-ion BGK IS model are shown in Fig. 5. Each panel
of the ﬁgure exhibits one of the four ﬁt parameters of the
single-ion model, namely, the relative signal power, ion drift
velocity, ion-neutral collision frequency νi, and temperature
Ti. In panels (c) and (d) the orange lines represent νi and
T from the MSISE-90 model. Note that the electron densi-
ties at these heights were estimated by Chau and Woodman
(2005) by combining the relative power measurements from
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Fig. 3. D-region measured (ﬁtted) spectrogram at the top (bottom)
obtained on 13 December 2004 around 17:13 LT. Each spectrum
was obtained with ∼12min averaging. The horizontal white lines
in (b) mark the alitudes where ﬁtting failed.
both circular polarizations and normalizing the sum against
Faraday rotation densities at F-region peak.
Excluding the obvious outliers, the Doppler velocities
shown in Fig. 5b exhibit relatively small random errors of
about ∼1m/s magnitude below 100km and somewhat larger
values at higher altitudes where the spectra broaden. Above
110km the estimated velocities are more variable due to fre-
quency aliasing. Also, above 87km, both νi and Ti estimates
are in excellent agreement with MSISE-90. However, the re-
sults below 87km show discrepancies with MSISE-90 which
will be discussed later in this section.
In Fig. 6 we show the results of ﬁtting the measured
spectra to the Lorentzian model parametrized by (a) relative
power, (b) Doppler velocity, and (c) diffusion time τd deﬁned
inEq.(5). Wealsoplotinpanel(d)theiontemperatureTi de-
rived from diffusion time τd. Recall that Ti is obtained from
τd using the collision frequencies νi taken from the Rich-
mond and MSISE-90 models.
Panels (a) and (b) in Figs. 5 and 6 are very similar and
consistent with one another and require no further elabora-
tion. The derived temperature shown in Fig. 6d is in a rea-
sonable agreement with the estimated temperature of Fig. 5d
between 87 and 100km altitudes. But, above 100km, the
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and the expected diffusion time from MSISE-90 parameters. In (d) the orange line shows the MSISE-90 temperature and the light blue line
the averaged temperature from ﬁtting ISR spectrum (Fig. 5d).
derived temperature is lower than the MSISE-90 tempera-
ture shown in orange and the estimate from Fig. 5d re-drawn
in blue. The lower temperature estimates in Fig. 6d above
100km are a clear indication that although the Lorentzian
model ﬁts the measured spectra very well the interpretation
of diffusion time is not as simple as given by Eq. (5) at those
higher altitudes. At these altitudes, collisions with neutrals
start to become less dominant, and the full ISR spectrum
model is needed to get reliable temperature estimates such
as those shown in Fig. 5d.
All the parameter proﬁles in Figs. 5 and 6 except for the
drift velocity proﬁles exhibit an extremum centered about
87km altitude, such as the temperature minimum at about
100K seen in Fig. 5d. These localized features are a conse-
quence of a long duration meteor echo which contaminated
the incoherent scatter results. Note that below 87km the
temperature estimates obtained by both ﬁtting methods ap-
pear to be somewhat larger than the MSISE-90 temperatures.
Of course below 87km there are layers of coherent echo en-
hancementsasindicatedbyenhancedpowerlevelsinFigs.5a
and6a(seealsothesaturatedred regionsin Fig.3). However,
both coherent and incoherent (weak) spectra show compara-
ble spectral widths (diffusion times) at these altitudes. Com-
pared to the expected ion diffusion time (using MSISE-90
parameters, and shown as the thin black line in Fig. 6c), the
measured diffusion times are generally smaller (i.e., wider
spectral widths) here.
Similar results, i.e., wider spectral widths below 80km,
have also been observed over Arecibo (e.g., Harper, 1978;
Fukuyama, 1981). At Arecibo, these broadening effects
were attributed to the presence of negative ions, that could
broaden the spectra as much as 100% (e.g., Mathews, 1978).
Nonetheless, recent advances in the understanding of chem-
istry and physics of D-region indicate that negative ions
should only be important below 60km in the daytime (e.g.,
Kazil et al., 2003). At Jicamarca, spectral widths in the D-
region have been measured for many years from coherent
scatter echoes. The widths have been mainly attributed to the
combined effects of atmospheric turbulence, gravity waves,
and in cases when wide beams were used, to an effect known
as beam broadening. Based on these previous studies, we
suggest that the measured small diffusion times (wider spec-
tra) of the D-region ISR returns presented here are probably
due to the same spectral broadening effects affecting the co-
herent echoes (e.g., Woodman and Guill´ en, 1974), particu-
larly atmospheric turbulence.
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6 Conclusions
We have shown in this paper that when coherent echoes from
EEJ irregularities are not present, very accurate ISR spec-
tral measurements can be made at Jicamarca using a pulse-
to-pulse estimation technique. Two types of spectral ﬁt-
ting functions were examined: a single-ion ISR spectrum
model based on BGK collisions and a Lorentzian spectrum
parametrized by a diffusion time. As expected, in both cases
very precise Doppler shift estimates (e.g., less than 1m/s un-
certainty below 100km) were obtained. Above 87km spec-
tral ﬁtting of the ISR model provides reasonable values for
ion-neutral collisions and ion temperatures. Between 87 and
100km, Lorentzian ﬁtting also provides reliable tempera-
tures inferred from diffusion times and collision frequency
models, buthigherup, above100km, theinterpretationofthe
measured spectral widths in terms of a simple ion-diffusion
time seems to be problematic. Also, below 87km, i.e., in the
D-region, the measured diffusion times are smaller than ex-
pected. Both spectral models lead to temperature estimates
larger than those predicted by MSISE-90 . We suggest that
this effect is due to a Doppler spectral broadening caused by
relatively large turbulent motions known to exist at these al-
titudes.
We plan to conduct further measurements of the type re-
ported here during counter-electrojet periods to be encoun-
tered in the near future. Based on the available statistics of
zonal electric ﬁelds counter-electrojet events are known to be
frequent in December solstice months in the afternoon hours
(e.g., Fejer et al., 1991). New and longer period measure-
ments that we hope to conduct, should help validate and ex-
tend the D-region results reported in this paper.
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